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Abstract The effects of low-magnitude, high-frequency

(LMHF) mechanical stimulation on osteoblastic cells are

poorly understood. We have developed a system that

generates very small (15–40 le), high-frequency (400 Hz,

sine) deformations on osteoblast cultures (MC3T3-E1). We

investigated the effects of these LMHF stimulations mainly

on extracellular matrix (ECM) synthesis. The functional

properties of this ECM after decellularization were evalu-

ated on C3H10T1/2 mesenchymal stem cells (MSCs).

LMHF stimulations were applied 20 min once daily for 1,

3, or 7 days in MC3T3-E1 culture (1, 3, or 7 dLMHF). Cell

number and viability were not affected after 3 or 7

dLMHF. Osteoblast response to LMHF was assessed by an

increase in nitric oxide secretion, alteration of the cyto-

skeleton, and focal contacts. mRNA expression for fibro-

nectin, osteopontin, bone sialoprotein, and type I collagen

in LMHF cultures were 1.8-, 1.6-, 1.5-, and 1.7-fold higher

than controls, respectively (P \ 0.05). In terms of protein,

osteopontin levels were increased after 3 dLMHF and ECM

organization was altered as shown by fibronectin topology

after 7 dLMHF. After decellularization, 7 dLMHF-ECM or

control ECM was reseeded with MSCs. Seven dLMHF-

ECM improved early events such as cell attachment (2 h)

and focal contact adhesion (6 h) and, later (16 h), modified

MSC morphological parameters. After 5 days in multipo-

tential medium, gene-expression changes indicated that 7

dLMHF-ECM promoted the expression of osteoblast

markers at the expense of adipogenic marker. LMHF

stimulations of osteoblasts are therefore efficient and suf-

ficient to generate osteogenic matrix.
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Cyclic mechanical loading is able to increase bone for-

mation by stimulating osteogenesis [1]. Several mechanical

parameters, such as strain rate, number of cycles, and

resting periods, have been shown to influence bone cell

response to loading [2]. Strain rate can be further subdi-

vided into strain magnitude and loading frequency. Fritton

et al. [3] showed that, during normal activities, low-mag-

nitude (\100 le) bone deformations occur more often than

higher strains ([1,000 le), suggesting that low-magnitude

mechanical stimuli could be used to promote adaptive

bone formation. Recent in vivo studies have focused on

low-magnitude mechanical signals because of their safety

profile. Some teams [4, 5] working on animals have

demonstrated the osteogenic effects of short-duration, low-

magnitude mechanical stimuli applied at high frequencies

The loss of strain amplitude appears to be compensated for

by application of higher-frequency loading [6]. The results

of recent clinical studies have shown the value of these

mechanical regimens for frail patients unable to perform

regular physical exercise [7, 8]. However, exploration of

low-magnitude high-frequency (LMHF) mechanical
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signals proved to be more difficult than expected. Although

a few teams have regularly published positive results, other

recent studies have not always demonstrated benefits at all

bone sites [9]. Moreover, conditions vary so widely

between studies (frequency ranges, acceleration, and

exposure time) that it is difficult to derive a general and

consistent pattern. In vitro data are missing, which could

highlight the role of LMHF loading on matrix synthesis.

These studies have only focused on changes of secondary

messengers [10, 11].

The extracellular matrix (ECM) plays an important role

in maintaining and mediating bone function. It is also a

source of factors supporting bone cell differentiation as

several studies suggest that the 3D matrix structure and

organization can influence the phenotypic behavior of cells

[12–14]. ECM is therefore considered to be an essential

interface to functionalize cellularized bone substitute, pro-

viding osteoinductive properties. From this perspective, it

appeared of interest to examine the osteogenic potential of

very LMHF mechanical stimulation on cellular response in

terms of quantitative and qualitative modifications of ECM.

To explore the osteoblast response to mechanical signals,

the first part of the present investigation consisted of

developing an original device able to generate controlled

very LMHF stimulations of cell cultures. This study

investigates whether osteoblasts would consistently respond

to the applied strain and was designed to determine to what

extent ECM production and organization can be modified

by these LMHF stimulations. Osteoblast responsiveness

(MC3T3-E1) to LMHF was tested by examining typical

mechanotransducers (nitric oxide, cytoskeleton, and focal

contacts). ECM was also analyzed at the mRNA and protein

levels, and image analysis was performed to examine ECM

organization.

The final objective of this study was to assess the ECM

properties produced by these LMHF osteoblasts (MC3T3-

E1). For this purpose, decellularized matrices were used as

substrate for mesenchymal stem cells (MSCs) capable of

osteodifferentiation (C3H10-T1/2). Cell behavior was

evaluated in terms of MSC–matrix interactions and MSC

commitment. Short-term cell adhesion and subsequent cell

differentiation were analyzed by determining typical

markers of osteoblastic and adipogenic differentiation,

such as alkaline phosphatase, Runx2, type I collagen,

fibronectin (FN), and PPARc2.

Materials and Methods

Cell Culture

Mouse osteoblastic MC3T3-E1 cells, subclone 4 (MC-4),

were maintained in T75 flasks, in alpha modified Eagle

medium (aMEM) supplemented with 10% FBS, 2 mM

L-glutamine, and antibiotics (50 U/ml penicillin and

50 lg/ml streptomycin) in a humidified atmosphere of 5%

CO2 at 37�C. The mouse pluripotent MSC line C3H10T1/2

(clone-8, American Type Culture Collection; LGC Pro-

mochem, Molsheim, France) was maintained in complete

aMEM supplemented with 10% FBS and 2 mM L-gluta-

mine, and antibiotics (50 U/ml penicillin and 50 lg/ml

streptomycin) in a humidified atmosphere of 5% CO2 at

37�C and passaged before confluence. In these experi-

ments, cells were used between passages 10 and 15.

LMHF Stimulation

For mechanical stimulation experiments, MC3T3-E1 cells

were trypsinized with 19 trypsin-EDTA and plated at

8,000 cells/cm2 in 100-mm Petri dishes (Falcon, Lincoln

Park, NJ), with 8 ml of culture medium supplemented with

50 lg/ml ascorbate phosphate (Sigma-Aldrich, St. Louis,

MO).

Starting 24 h after seeding, MC3T3-E1 cells were sub-

jected to LMHF loading induced by a buzzer (FARNELL

1193664 Ø = 50 mm) fixed under the Petri dish with a thin

(12 lm) doubled-sided adhesive tape. Petri dishes were

supported by three soft plots to avoid interfering with

buzzer movements. The sinusoidal input signal was con-

trolled by a generator and amplified by a tension amplifier

(Fig. 1a). Signal frequency was chosen to match the reso-

nance frequency of the Petri dish. For determination of

resonance frequency, the experimental dish was excited by

a computer-controlled gain phase analyzer (HP 4194A;

Hewlett-Packard, Palo Alto, CA). This gain phase analyzer

applied a frequency sweep from 0 to 1,000 Hz and

simultaneously recorded the gain. The excitation signals

from the gain phase analyzer were amplified by a power

amplifier (2100RF; ENI, Rochester NY) in order to maxi-

mize the excitation absolute value. Vibrations of the

Langevin transducer were measured with a laser-vibrom-

eter (Polytec, Irvine, CA). The reflect signals were pro-

cessed by the electronic unit (OFV302) and fed to the test

channel of the gain phase analyzer. The power amplifier

output was also fed to the reference channel of the gain

phase analyzer to measure gain. The maximum displace-

ment (lm) of the center of the Petri dish corresponded to

the resonance frequency (400 Hz) (Fig. 1b).

To quantitatively verify the load-induced strain fields

(le), strain gauges (Kyowa, Tokyo, Japan) were glued

(Mbond 200 adhesive; Vishay Micro-Measurements,

Shelton, CT) inside the Petri dish. Three strain gauges were

placed on the cultured surface along the radius: at the

center, at a point midway between the center and the end

support, and at the edge of the Petri dish culture (Fig. 1c).

These gauges were aligned tangentially to the radius in
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order to measure the Petri dish tangential deformation

expressed as microstrain (le). The strains on the Petri dish

surface were precisely (±1 le) recorded with a dynamic

datalogger (Resist4000; Microlight, www.milight.com),

which measured signals from strain gauges with three

simultaneous channels at a maximum rate of 4,500 mea-

surements/second/channel. The datalogger is equipped

with a serial link for transfer of data to a personal computer

(PC) entirely compatible with Excel software (Microsoft,

Redmond, WA). Osteoblast cultures were stimulated at

Fig. 1 Production and characterization of micromechanical stimula-

tion. a Diagram of the mechanical stimulator with four Petri dishes in

parallel. A generator connected to an amplifier produces a sinusoidal

tension (±30 V) for each buzzer fixed under the Petri dish. b
Determination of Petri dish resonance frequency. Petri dishes were

filled with 8 ml of culture medium. Displacement of the center of the

Petri dish was measured for frequencies ranging 0–1,000 Hz. The two

curves represent measurements on two different Petri dishes. c Strain

gauge repartition: Three gauges were positioned along the radius

inside the strained surface: at the center, at a point midway between

the center and the end support, and at the edge of the Petri dish.

Surface deformation: The strained surface was represented at t1 and

t2, showing alternatively compression and tension. Strain gauge

measurements: The graph represents the measurements of the three

strain gauges during 0.01 second at resonance frequency. Strain

modeling: This represents the tangential strain along the radius (r) at

fixed time (t1). Mechanical interfaces are represented by lines a and b,

which correspond, respectively, to the piezoelectric material and total

surface of the buzzer. r0 indicates the strain nodal circle. Area 1

corresponds to strains from 15 to 25 le and area 2 corresponds to

strains from 25 to 40 le. (Color figure online)
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400 Hz with a sinusoidal signal, and the recorded strains

were situated between ±15 and ±40 le, as shown in

Fig. 1c.

The tangential LMHF strain (le) on the inner surface of

the polystyrene substrates was qualitatively characterized

by modeling (Fig. 1c). Modeling was performed by the

Element Finite technique using ANSYS commercial soft-

ware (ANSYS, Canonsburg, PA). The behavior of the

functional mode is shown in Fig. 1c and is identified as

the fundamental bending mode of the dish. According to

the composite plate theory, the radial component of

the tangential strain direction exhibited variations at each

mechanical interface (a and b). Moreover, the presence of a

strain nodal circle (r0) indicated that the strain field was

divided into two areas of opposite sign (i.e., an extensive

area for r \ r0 and a compressive area for r [ r0).

LMHF stimulation was applied 20 min once daily for 1,

3, or 7 days on osteoblast cultures (1, 3, or 7 dLMHF).

During mechanical stimulation, cultures were maintained

in a humidified atmosphere of 95% air and 5% CO2 at

37�C.

Cell Growth and Viability

Cell density was quantified after DAPI staining (Chemicon,

Temecula, CA) at a working concentration of 1 lg/mL by

counting the nuclei at days 0, 1, 2, 3, and 7. Staining was

examined with a Leitz (Wetzlar, Germany) DMRB fluo-

rescence microscope. Images were acquired with a Roper

Scientific (Trenton, NJ) CoolSnapfx camera using Meta

Imaging series 4.6.6 software (Universal Imaging, Ypsi-

lanti, MI).

Cell activity was studied on the same dishes after 3 and

7 days of culture. Cultures were washed twice with culture

medium without phenol red, and Alamar blue (AB) solu-

tion was added to this medium, resulting in a final con-

centration of 10%. After incubation for 90 min at 37�C, the

medium was collected and the absorbance was determined

at 570 and 600 nm with a spectrophotometer (940; Kon-

tron, Munich, Germany). The percentage of AB reduction

(%AB reduction) was calculated according to the manu-

facturer’s protocol. The number of viable cells correlates

with the magnitude of dye reduction and is expressed as a

percentage of control.

Nitric Oxide Measurements

Nitric oxide (NO) was measured as nitrite (NO2
-) accumulated

in the MC3T3-conditioned culture medium. An aliquot

(200 ll) of culture medium was collected after 3, 5, or 7 strain

episodes. NO2
- was assayed using Griess reagent (1% sulfa-

nilamide, 0.1% naphthylethylene-diamine-dihydrochloride).

The reference curve was prepared by serial dilutions of

NO2
- standard solution (0.1 M sodium NO2

-) using the

culture medium as diluent. Absorbance was measured at

540 nm.

RNA Extraction and RT-PCR

RNA extraction and RT-PCR were performed on MC3T3-

E1 cells to quantify matrix mRNA expression and on

C3H10T1/2 cells to analyze cell differentiation. MC3T3-

E1 cells were harvested 12 h after the last strain sequence,

and C3H10T1/2 cells were harvested after 2 days of pre-

culture and 5 days in permissive culture.

Total RNA was isolated using the RNeasy Plus Mini Kit

(Qiagen, Valencia, CA). Purified RNA was dissolved in

RNase-free water, and its concentration was determined at

260 nm. RNA quality was checked on a 2% agarose gel

with 1 lg/ml ethidium bromide. Samples were stored at

-80�C until use. cDNA was synthesized from 2 lg of total

RNA with the first-strand cDNA synthesis kit for RT-PCR

(AMV; Roche, Indianapolis, IN). For quantitative real-time

PCR, 8 ll of cDNA mixture diluted to 1:20 in water was

subjected to real-time PCR using SYBR green I dye

(Lightcycler Faststart DNA Master SYBR Green I; Roche,

Penzberg, Germany). Reactions were performed in 20 ll

PCR mixture containing 4 ll 59 Master Mix (dNTP

mixture with dUTP, MgCl2, SYBR Green I, Taq DNA

polymerase, and reaction buffer) and 2 ll of 10 lM

primers. Primer sequences of mouse FN, type I collagen,

bone sialoprotein (BSP), osteopontin (OPN), alkaline

phosphatase (ALP), Runx2, and peroxisome proliferator-

activated receptor gamma 2 (PPARc2) are listed in

Table 1. Cyclophilin was used as control. Amplified

products were examined for size estimation on 2% agarose

gel with 1 lg/ml ethidium bromide and DNA molecular

weight marker. Values are expressed as percent of control

after normalization to cyclophilin values.

OPN Immunoassay

Twenty-four hours after the end of mechanical treatments,

ELISAs were performed to measure OPN in cell lysate and

culture medium using the DuoSet mouse Osteopontin

ELISA Development System (R&D Systems, Minneapolis,

MN) according to the manufacturer’s instructions. Cells

were collected in lysis buffer composed of PBS with 0.5%

Nonidet 40 and 1% protease inhibition cocktail (PIC;

Sigma, St. Quentin Fallavier, France). PIC was also added

to the culture medium (1%). Each sample was run in

duplicate in the assays. Data were corrected for fresh cul-

ture medium or fresh lysis buffer values and normalized to

total protein content of the cell lysate measured with the
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BCA Protein Assay Kit (Interchim Pierce, Monluçon,

France).

Fluorescence Labeling

For FN immunostaining, cell layers were washed in PBS,

fixed with 4% paraformaldehyde in PBS for 20 min at

room temperature, washed, and incubated for 2 h with 1/

100 diluted rabbit anti-mouse-FN (Sigma). After washing,

cells were incubated for 1 h with 1/250 diluted Alexa

Fluor488-tagged secondary antibody (Invitrogen, Carlsbad,

CA).

For actin labeling, cell layers were fixed in 4% para-

formaldehyde, permeabilized with 0.1% Triton X-100 in

PBS (3 min), and incubated for 45 min at 37�C with a

rhodamine–phalloidin (Interchim) stock solution (1/50

dilution).

For vinculin or PPARc2 immunostaining, cells were

fixed and permeabilized with 70% methanol, washed, and

incubated for 2 h with primary antibodies. After washing,

cells were incubated for 1 h with Alexa Fluor488.

Preparations were mounted in Fluokeep (Argene, North

Massapequa, NY), examined by fluorescence microscopy

(DMRB; Leica, Bensheim, Germany), and imaged by a

camera (CoolSnapfx) using Meta Imaging series 4.6.6.

software. Images were acquired in the region of interest

corresponding to area 1 (Fig. 1c).

DNA Measurement

The Invitrogen PicoGreen DNA quantitation kit was used

to measure double-stranded DNA concentrations in solu-

tion. All reagents (dsDNA reagent, TE buffer: 200 mM

Tris–HCl, 20 mM EDTA [pH 7.5], and lambda DNA

standard) were obtained from the kit, and the assay was

performed as described in the protocol. Data were cor-

rected for cell-free values. Samples were placed in a black

96-well plate and excited at 485 nm. Emission was

measured at 538 nm using a fluorescent plate reader (Flu-

oroscan Ascent; Thermo Labsystems, Worcester, MA).

Culture of C3H10 T 1/2 on Cell-Free Matrices

Matrices were prepared from MC3T3-E1 cultures after

7 days of LMHF and the corresponding unstrained cul-

tures. The procedure for preparing cell-free matrix was

modified from a published protocol [15]. Cultures were

washed once with PBS and twice with wash buffer I

(100 mM Na2HPO4 [pH 9.6], 2 mM MgCl2, 2 mM

EDTA). Each dish was incubated at 37�C for 15 min in the

presence of 8 ml lysis buffer (8 mM Na2HPO4 [pH 9.6],

1% NP-40); then, lysis buffer was replaced with 8 ml of

fresh lysis buffer for 30–60 min. Matrices were washed

four times with 8 ml H2O. Matrices were used immediately

or could be stored at 4�C in PBS containing 100 units/ml

penicillin and 100 lg/ml streptomycin until needed.

Decellularization was controlled by nuclear DAPI staining.

FN was immunostained to observe matrix topology and

quantified by image analysis, as described below. Nonde-

cellularized matrices were observed in parallel.

C3H10T1/2 cells were plated at a density of 5,000 cells/

cm2 on tissue culture polystyrene (TCPS) or decellularized

matrices and maintained for 2 days in standard medium

(preculture). Permissive medium (PM) was composed of

aMEM supplemented with 10% FCS (PromoCell, Heidel-

berg, Germany), 50 lg/ml ascorbic acid, 10-6 M b-glyc-

erophosphate, 10-8 M all trans-retinoic acid, 10-8 M

dexamethasone, 1% insulin, and 5 9 10-5 M 3-isobutyl-1-

methylxanthine. Culture medium was changed every

2 days. On day 2, cultures were switched to the PM for

both osteoblast and adipocyte differentiation.

Cell Attachment

Calcein AM (Invitrogen) was used to label viable cells 2 h

postseeding on cell-free matrix. Cells were washed with PBS

and incubated for 20 min at 37�C with 4 ml of 10 lg/ml

Table 1 Oligonucleotide sequences used in real time RT-PCR

Genes Forward Reverse PCR product

size (bp)

Source

Cyclophilin 50-ggtgactttacacgccataatg-30 50-ggcttccacaatgttcatgcc-30 231 NM008907

Fibronectin I 50-gtgcggcaccacccagaacta-30 50-ctggtctcggagctgggagta-30 217 NM010233

Collagen I 50-caccctcaagagcctgagtc-30 50-ttaggcgcaggaaggtcagc-30 374 NM007742

opn 50-cccggtgaaagtgactgattc-30 50-atggctttcattggaattgc-30 193 NM009263

bsp 50-aaagtgaaggaaagcgacga-30 50-gttccttctgcacctgcttc-30 215 NM008318

pparc 50-gaaattaccatggttgacacagag-30 50-gtgaatggaatgtcttcatagtg-30 170 NM011146

runx2 50-gaggccgccgcacgacaa-30 50-ctccggcccacaaatctca-30 294 NM009820

alp 50-ccaactcttttgtgccagaga-30 50-ggctacattggtgttgagctttt-30 110 NM007431
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calcein. In live cells, nonfluorescent calcein AM is converted

to a green fluorescent calcein after acetoxymethyl ester

hydrolysis by intracellular esterases. Cell attachment was

controlled by fluorescent cell count using ImageJ software

(http://rsb.info.nih.gov/ij).

Image Analysis

Image analysis was performed with ImageJ software.

FN network analyses were performed after background

removal. To selectively detect linear structures in images,

we used a Hessian filter based on edge detection. After

threshold, the resulting image revealed closed lacunae. To

determine areas of lacunae, the parameter ‘‘mean area’’

was selected in the program of the particles analyzer. Focal

contact area and number were determined according to

Usson et al. [16]. After image binarization, morphological

parameters including cell area and cell perimeter were

automatically measured by the computer program. Shape

factors were generated from these data. The shape factor

4 pi (area/perimeter2) assesses the deviation from circu-

larity: A circle has a value of 1, and values approaching 0.0

indicate an increasingly elongated polygon. Feret diameter

indicates the longest distance between any two points along

the cell.

Statistical Analysis

Data were analyzed with STATISTICA6 software (StatSoft,

Tulsa, OK). For MC3T3-E1 control and LMHF cultures,

comparisons were performed with the Mann–Whitney test.

For C3H10T1/2 cultures on different substrates (TCPS,

control matrix, or LMHF matrix) group comparisons were

performed with Kruskal–Wallis one-way analysis of vari-

ance. When P values were \0.05, post hoc comparisons

among individual samples were performed with Mann–

Whitney test with adjusted a value.

Results

Production and Characterization of LMHF Strain

Due to the rigidity of Petri dishes, the resonance frequency

had to be used for signal amplification. The resonance

frequency of 100-mm Petri dishes filled with 8 mL of

culture medium was measured at 400 Hz, a frequency

which produces a maximum vertical displacement (16 lm)

of the center of the Petri dish (Fig. 1b). Modeling of tan-

gential strain along the radius of the Petri dish showed

compressive or extensive area on both sides of the nodal

circle at a fixed time (Fig. 1c). Three strain gauges, posi-

tioned at various places on the inner surface of the

polystyrene substrates, as shown in Fig. 1c, were used to

measure strain magnitudes, which were consistent with the

models. As illustrated, the signal waveform induced max-

imal strains of approximately ±15 le at the center, ±25 le
at the mid-radius, and ±40 le at the periphery. Area 1 (15–

25 le) can be estimated to represent 75% of the inside

surface of the Petri dish and area 2 (25–40 le) can be

estimated to represent 25%.

MC3T3 E1 Cells are Sensitive to LMHF Stimulation

The cell densities measured in control or mechanically

stimulated cultures at days 1, 2, 3, and 7 are shown in

Fig. 2a. No significant difference was observed between

controls and strained cultures regardless of the time point

tested. The cell population increased from about

8,900 cells/cm2 at day 1 to 45,700 cells/cm2 at day 3 and

75,400 cells/cm2 at day 7 (Fig. 2a) in both conditions. No

significant difference was observed in the viability of cells

cultured between control and LMHF cultures after 3 or

7 days of culture (Fig. 2b). NO release, a parameter of bone

cell response to load, was assessed. A modest but significant

increase in the NO accumulated in the culture medium was

measured after 3 dLMHF and maintained after 5 and 7 days

of LMHF (Fig. 2c). Cytoskeletal organization was assessed

by actin labeling 15 min after the third session of LMHF

(3 dLMHF). Control cells showed an abundance of straight

aligned F-actin fibrils. In contrast, LMHF cells exhibited

curled stress fibers, demonstrating that cells sense LMHF

and respond by reorganization of the cytoskeleton (Fig. 2d).

The number of focal contacts immunolabeled with vinculin

antibodies was similar between the two conditions (data not

shown), whereas the mean focal contact area was 40%

higher in the LMHF group than in controls (Fig. 2d).

Effects of LMHF on Matrix Gene Expression

and Matrix Protein Production

A single 20-min strain sequence was sufficient to increase

mRNA expression of FN (1.8-fold), OPN (1.7-fold), and

BSP (1.5-fold) (Fig. 3a). Fractionated application of

LMHF was also tested: When stimulation was divided into

10 2-min sessions over 20 h, a less marked increase of FN

and BSP mRNA was also observed (data not shown). One

daily 20-min LMHF sequence was therefore used for the

following experiments. The increase in FN mRNA was

maintained after 3 and 7 dLMHF, whereas OPN mRNA

and BSP mRNA expression appeared to be biphasic,

reaching control levels after 3 dLMHF and reincreasing

after 7 dLMHF (Fig. 3a). A late response for type I col-

lagen expression was noted with a 1.7-fold increase after 7

dLMHF (Fig. 3a). OPN protein at day 1 increased in the

soluble fraction and at day 3 was already integrated in the
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matrix, in line with the increased mRNA expression mea-

sured after the first LMHF sequence (Fig. 3a).

LMHF Strain Alters Matrix Organization

FN immunolabeling was performed in order to visualize

the matrix network after 3 and 7 dLMHF of MC3T3 cul-

tures, showing initiation of matrix organization after 3

dLMHF (data not shown). This pattern, characterized by an

increase in lacunar structures of the matrix, further pro-

gressed after 7 dLMHF (Fig. 4a). Following decellular-

ization treatment, no nuclear material was observed in the

matrix, as visualized by DAPI staining (Fig. 4a), demon-

strating complete efficiency of the decellularization pro-

cess. FN imaging showed that the characteristic pattern

with larger lacunae was maintained.

Quantitative analysis of the FN pattern was performed

on the matrices after decellularization. Measurement of

lacunar area (Fig. 4b) revealed that the mean area of the

largest ([5,000 pixel2) lacunae was twofold increased in 7

dLMHF cultures (Fig. 4b), whereas the smallest lacunae

(\5,000 pixel2) had similar mean areas in both matrices.

These analyses showed that the matrix pattern was reor-

ganized during mechanical stimulation.

Short-Term Behavior of MSCs Grown on Matrix

Produced Under LMHF

To evaluate the osteogenic properties of ECM, C3H10T1/2

MSCs were plated on acellular ECM from control and 7

dLMHF cultures. MSCs seeded on TCPS were used as a

reference. Calcein staining 2 h postseeding allowed anal-

ysis of both cell morphology and attachment. Observation

of cell shape showed round cells on TCPS substrate,

whereas cells displayed a stellar morphology on both

control and LMHF matrices (Fig. 5a). No obvious mor-

phological difference was observed at this stage between

the two matrix conditions. The initial attachment of MSCs

was also quantified 2 h postseeding. An increase in cell

number was observed for cells seeded on both matrices

compared to TCPS. Moreover, the number of adherent

cells on LMHF matrix was significantly increased in

comparison to control matrix. Focal contacts were assessed

6 h postseeding. Vinculin staining showed no focal contact

Fig. 2 MC3T3 E1 cells are

sensitive to micromechanical

stimulation. a Density of

MC3T3 cells unstrained or in

strain culture (1, 2, 3, or 7

dLMHF). Unstrained (empty
bars) and strained (gray bars)

cultures were grown in parallel.

Quantification of cell nuclei.

n = 3, 10 fields, mean ± SEM.

b Viability of unstrained or

strain culture cells (3 or 7

dLMHF). Unstrained (empty
bars) and strained (gray bars)

cultures were grown in parallel.

* P \ 0.05 vs. control, n = 4,

mean ± SEM. c NO

accumulation in culture medium

of unstrained (filled diamond) or

strain culture (filled square) (3,

5, or 7 dLMHF). Unstrained and

strained cultures were grown in

parallel. * P \ 0.05 vs. control,

n = 6, mean ± SEM. d Actin

and vinculin immunostaining on

unstrained culture (ctrl) or 3

dLMHF culture and

quantification of

immunolabeled vinculin area

per cell. n = 3, 10 fields per

dish, mean ± SEM
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for cells seeded on TCPS at this early time point, while

focal adhesions were clearly visible on cells seeded on both

matrices. Focal contact number was 50% higher in cells

seeded on LMHF matrix compared to cells seeded on

control matrix (Fig. 5b). After 16 h, morphological chan-

ges of C3H10T1/2 seeded on the various substrates were

quantified using actin labeling. MSCs on both matrices

exhibited more filopodia, lamellipodia, and cellular

extensions compared to those seeded on TCPS. Cell mor-

phology appeared similar on both matrices, but parameters

measured by image analysis highlighted differences in cell

shape between the matrices: LMHF matrices induced an

increase in circularity and a decrease in perimeter and Feret

diameter compared to control ECM, while no difference in

cell area was observed.

MSCs Growth and Differentiation on Matrix Produced

Under LMHF

Cell density of MSCs grown on TCPS, control matrix, and

LMHF matrix was assessed by DNA quantification after

5 days in PM. At this time, the DNA content in both

matrices (control and LMHF) were lower than on TCPS

(Fig. 6a), showing a better proliferation on TCPS. The

comparison of DNA content between matrices reveals no

difference, showing that LMHF did not affect the prolif-

erative quality of the matrix.

MSC differentiation was studied under the same con-

ditions. The commitment toward the adipocyte lineage was

assessed by analysis of PPARc2 protein and mRNA levels.

PPARc2 protein was expressed equally on TCPS and

control matrix. However, PPARc2 protein expression was

downregulated in cultures on LMHF matrix (Fig. 6b)

compared to TCPS or control matrix. This was corrobo-

rated by a twofold decrease in PPARc2 mRNA (Fig. 6c).

The commitment of MSCs toward the osteoblastic lineage

was revealed by increased levels of mRNA for osteoblast

markers: Runx2 mRNA expression was higher on both

matrices compared to TCPS, but the LMHF matrix did not

improve Runx2 mRNA expression (Fig. 6c). Comparison

between TCPS and control matrices showed that ALP and

FN were not stimulated by the matrix and collagen was

Fig. 3 Effects of LMHF on

matrix gene expression and

matrix protein production in

MC3T3-E1 cultures. a Matrix

protein mRNA levels in 1

dLMHF MC3T3-E1 cells.

Cultures were strained for 1, 3,

or 7 dLMHF; and analysis was

performed 12 h poststrain.

Unstrained (empty bars) and

strained (gray bars) cultures

were grown in parallel. Values

were normalized to cyclophilin

mRNA level and expressed as a

ratio to controls (Ctrl).

* P \ 0.05 vs. control, n = 4,

mean ± SEM. b OPN protein

was measured in lysate and in

culture medium after 1 or 3

dLMHF. Unstrained (empty
bars) and strained (gray bars)

cultures were grown in parallel.

Results are normalized on total

cellular protein content and

expressed as a ratio to controls

(Ctrl). * P \ 0.05 vs. control,

n = 4, mean ± SEM
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slightly increased. However, ALP, type I collagen, and FN

were increased in MSCs grown on LMHF matrix compared

to control ECM (Fig. 6c). Upregulation of these genes on

LMHF matrix therefore indicates progression toward an

osteoblastic phenotype.

Discussion

In this study, a mechanical loading system was developed

to produce LMHF stimulations set in a range which has

not been obtained by previously described devices. The

mechanoresponsiveness of bone has been recognized for a

long time, and it has been presumed that a threshold of

1,000 le would have to be exceeded to become anabolic

[17], while strains below this level of deformation were

considered insufficient to retain tissue morphology. Recent

work also suggests an anabolic potential of vibratory

mechanical signals (\5 le) [11]. Numerous techniques to

induce mechanical deformation of osteoblasts in vitro have

been described in the literature, but all devices generate

high-magnitude deformation: strain magnitudes between

200 and 40,000 le [18, 19]. This study was conducted in a

range of physiological microdeformations. With the device

described here, osteoblastic responses were examined for

deformations of about 20 le, which is much lower than the

threshold considered osteogenic in the literature. This

system has the advantage of being easy to set up as the

buzzers and Petri dishes used are commercially available.

Very precise measuring systems and modeling allow accu-

rate determination of the microdeformations experienced by

the cells. This system also presents certain limitations.

LMHF stimulations were not completely homogeneous over

the culture substrate. Mechanical loading systems used for

cell cultures often displayed this drawback, and our system

had the advantage to generate LMHF stimulations over a

very narrow range. Moreover, this study was unable to

consider in detail the physical differences between the

effects of fluid shear stress and mechanical strain on bone

cell deformation.

Bone cells respond to high-frequency strain (i.e.,

400 Hz), in a range which is not usually described. With

certain adaptations, this system could be used to generate

lower frequencies, inducing deformations of similar mag-

nitude, which would provide information about the

threshold of responsiveness of osteoblasts in terms of fre-

quency. However, the use of high frequencies for an in vitro

study did not appear to be a problem as the primary

objective was to produce an osteogenic matrix for MSCs

and this frequency does not appear to be harmful to MC3T3

cells. This study demonstrates the responsiveness of oste-

oblasts to our LMHF signal, as reflected by NO release and

cytoskeletal and focal adhesion modifications. Only one

study [11] has reported in vitro osteoblast mechanosensing

Fig. 4 Effects of LMHF

stimulation on matrix

organization. a Immunolabeled

FN network and DAPI staining

on control (Ctrl) and strain

cultures (7 dLMHF) for matrix

with cells or cell-free matrix.

n = 3, 20 fields per dish. b
Mean of matrix lacunar areas in

cell-free matrices of control

(empty bars) and 7 dLMHF

(gray bars) cultures,

mean ± SEM. Lacunar areas

were separated into two size

categories: small (40–

5,000 pixel2) and large (5,000–

25,000 pixel2) lacunae
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of an LMHF mechanical regimen. Although this mechani-

cal regimen differed from that used in our study, as the

magnitude of vibrations was less than 5 le and over a wide

range of frequencies (5–100 Hz), Bacabac et al. [11]

showed that NO release by MC3T3-E1 cells was signifi-

cantly increased for the highest frequency. In our condi-

tions, the amount of nitrite secreted after 1 dLMHF was

below the limit of detection, but an increase of nitrite

accumulated in the culture medium was assessed after a

longer mechanical stimulation, demonstrating the threshold

responsiveness of osteoblasts to LMHF. Mechanical strain

is known to induce changes in cytoskeletal organization,

and more specifically, actin bundles can be restructured by

mechanical stretching [20]. MC3T3 cells displayed a well-

organized actin fiber pattern on plastic support so that fiber

reinforcement was not obvious after LMHF stimulation.

However, the curling appearance of the actin cytoskeleton

observed after LMHF stimulation clearly demonstrated that

the polymerization/depolymerization process was affected.

A similar actin fiber pattern has been observed in MC3T3

cells after exposure to ultrasound [21]. Vinculin, a plasma

membrane-associated protein found in adhesion complexes

[22], was selected as a marker of LMHF responsiveness

based on previous investigations showing that focal

Fig. 5 Short-term behavior of

C3H10T1/2 cells grown on

matrix produced under LMHF

stimulation. a Morphology and

number of adherent C3H10T1/2

cells 2 h postseeding (calcein

staining). Results are expressed

as a ratio to control. P \ 0.05:

* vs. TCPS, # vs. matrix

control. n = 3, 15 fields per

dish, mean ± SEM. b
Quantification of focal adhesion

number (vinculin) per cell 6 h

postseeding. n = 35 cells,

mean ± SEM. c Actin staining

16 h postseeding. White arrows
show cytoplasmic extensions.

Quantitative analysis of the

morphology of C3H10T1/2

cells cultured on TCPS (empty
bars), control matrix (light gray
bars), and strain matrix (dark
gray bars). n = 200 cells,

mean ± SEM, P \ 0.05: * vs.

TCPS, # vs. matrix control
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contacts can be reorganized by mechanical stretching [23].

Three days of LMHF stimulation increased the size of

vinculin-positive focal contacts, consistent with this previ-

ous study that reported a sustained increase in vinculin spot

area in stretched osteoblasts. This increase resulted from

clustering of small and probably less mature contacts. The

number of spots was not affected at this time point, sug-

gesting that the mechanically induced increase in vinculin

spot number is early but transient, as noted [23]. Stress

fibers and their associated focal adhesions therefore play a

role in the LMHF signal-transduction mechanism.

LMHF loading was used to alter matrix synthesis.

MC3T3-E1 cells were chosen for their ability to produce an

abundant ECM and for their responsiveness to a large panel

of mechanical stimulations [10, 24, 25]. Information can be

provided by both quantitative and qualitative ECM modi-

fications. In this study, LMHF stimulations initially

enhanced OPN, BSP, and FN gene expression and then

collagen mRNA. The increase in OPN gene expression was

confirmed at the protein level. While the quantitative

aspect is generally taken into account [26, 27], alteration of

the matrix network by mechanical stimulation is still

poorly documented. One study [28] reported thickening of

FN fibers on osteoblastic cultures submitted to physiolog-

ical mechanical stimulation. The image analysis used here

allowed the detection of a characteristic pattern. LMHF

stimulation led to larger lacunae in matrices, and this

altered pattern was not an artifact due to decellularization

as it was observed before and after removing the cells. We

concluded that LMHF stimulation not only enhanced

expression of major bone matrix proteins (collagen, OPN,

BSP, FN) but also induced an obvious reorganization of the

FN network.

To evaluate the potential functional role of LMHF

stimulation of the ECM, we studied the behavior of MSCs

seeded onto decellularized matrices. Murine C3H10T1/2

cells are good candidates to test matrix-induced osteogenic

differentiation as their pluripotent differentiation capability

is comparable to that of primary bone marrow-derived

MSCs [29].

An explanation for the positive effect of the LMHF

matrix on MSC osteogenesis required analysis of MSC

initial adhesion and focal contact structures, which both

influence cell behavior [30, 31]. Natural and biomimetic

Fig. 6 MSC differentiation on

matrix produced under LMHF.

a DNA quantification in

C3H10T1/2 cells cultured on

TCPS (empty bars), control

matrix (light gray bars), and 7

dLMHF matrix (dark gray bars)

for 2 days in preculture medium

followed by 5 days in PM.

n = 4, mean ± SEM. b
PPARc2 staining and

quantification in C3H10T1/2

cells cultured on TCPS (empty
bars), control matrix (light gray
bars), and 7 dLMHF matrix

(dark gray bars) for 2 days in

preculture medium followed by

5 days in PM. Analysis of three

dishes with 10 fields per dish.

Mean ± SEM. c mRNA levels

in C3H10T1/2 cells cultured on

TCPS (empty bars), control

matrix (light gray bars), and 7

dLMHF matrix (dark gray bars)

for 2 days in preculture medium

followed by 5 days in PM.

Values were normalized to

cyclophilin mRNA level and

expressed as a ratio to controls

(Ctrl). P \ 0.05: * vs. TCPS,
# vs. matrix control, n = 5,

mean ± SEM
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coatings are known to exert a proadhesive effect for a wide

range of cells [32, 33], but this effect has not yet been

documented for MSCs. The proadhesive quality of the in

vitro generated bone-like ECM was demonstrated here:

MSC initial adhesion (i.e., 2 h after seeding) was more

efficient on control matrices compared to TCPS, and focal

contacts were already present after 6 h but were not

detected on TCPS. Thus, matrices retained their adhesive

properties despite the decellularization process and, as

expected, supported a better short-term adhesion of MSCs.

Most importantly, LMHF stimulation provided additional

adhesive properties to the ECM as reflected by enhanced

MSC attachment at the very beginning of the culture (2 h)

and by the larger number of focal contacts compared to

control ECM. These improved adhesive properties of

LMHF matrices were confirmed with another cell line

(MC3T3-E1, data not shown).

Cell morphology was then analyzed as an indicator of

the commitment toward osteoblastic/adipogenic lineage

[34]. A round cell shape was associated with adipogenic

differentiation [35], while a stellate MSC morphology, as

observed on both matrices, indicated loss of the adipogenic

phenotype.

The composition of the ECM could affect MSC

recruitment: OPN and BSP have been implicated as key

proteins for mediating cellular adhesion, notably at bone–

implant interfaces [36]. The LMHF regimen enhanced BSP

and OPN gene expression. Both proteins might play

important roles in cell binding to the collagen matrix.

However, Bernards et al. [37] showed that MC3T3 E1 cell

binding on collagen-coated TCPS is enhanced on substrates

with adsorbed OPN compared to BSP. The present study

clearly demonstrated that LMHF stimulation increased

OPN in the insoluble fraction, suggesting that it is incor-

porated into the ECM and could therefore improve MSC

adhesion. Matricellular proteins including OPN modulate

cell function but do not appear to contribute per se to the

organization or physical properties of ECM structures [38].

However, the binding of OPN to structural ECM proteins

such as collagen and FN [39, 40] will orient one protein

with respect to another. This matrix-bound OPN would

gain a preferential orientation/conformation for cell adhe-

sion after LMHF stimulation.

The involvement of structural proteins, specifically FN,

a glycoprotein promoting cellular attachment, was con-

sidered quantitatively and topologically in this study.

During MSC osteogenesis processes in vivo, the ECM

surrounding the cells is dynamically remodeled [41]. FN is

observed early in the region of mesenchymal condensation

[42]. One hypothesis for the matrix-induced cell commit-

ment toward the osteoblastic lineage is that reorganization

of the FN network in LMHF cultures facilitates the specific

engagement of a5b1 integrin of MSCs. Previous studies

[43, 44] have shown that modulation of FN conformation,

including alterations in the cell binding domain to FN,

directs cell proliferation and differentiation. Recently,

Martino et al. [45] indicated that a5b1 integrin influences

human MSC behavior: Blockade of a5 and b1 led to

decreased ALP activity, demonstrating the capacity of a5b1

integrin-specific engagement to drive intracellular signal-

ing events toward cell differentiation.

The molecular mechanisms which dictate the osteogenic

differentiation of MSCs are largely unknown. Inducers of

differentiation toward one lineage inhibit cell differentiation

toward alternative lineages. For example, the canonical

Wnt/beta-catenin pathway induces osteoblastogenesis and

inhibits adipogenesis, whereas PPAR-c is a prime inducer

of adipogenesis and, as shown in recent studies, inhibits

osteoblastogenesis [46, 47]. Indeed, we observed, 1 week

after MSC plating, upregulation of type I collagen, ALP, and

FN with concomitant downregulation of PPARc2. Runx2

expression was not altered at this time, but this does not

preclude an earlier and transient upregulation [48]. We

suggest that, after 1 week, remodeling of the acellular

matrix via de novo synthesis of ECM proteins had occurred

and probably played an important role in orienting toward

osteogenic rather than adipogenic differentiation.

The complexity of matrices raises a difficult challenge

to precisely identify the added value of LMHF matrix in

terms of composition and topography. Various strategies

have been proposed to further our understanding of the role

of environment in MSC differentiation. Simplified models

using substrate coating with ECM components can be used

to study the influence of the nature of substrate. For

example, adhesion to ECM components such as laminin,

collagen type I, or vitronectin can induce osteogenic dif-

ferentiation of hMSCs [14, 49]. The influence of nano- or

microtopography on cell commitment was studied on

synthetic substrates with ultraprecise nanofeatures [50].

For example, nanotopography of various symmetries and

with varying degrees of disorder affect MSC adhesion and

osteoblastic differentiation: Random nanotopographies

increase osteospecific differentiation compared to ordered

nanotopographies [51]. Similarly, osteoblast differentiation

is induced on poly(L-lactic acid) nanofibrous matrix vs.

afibrillar substrate [52]. Nevertheless, these models fail to

reproduce the complex structure necessary for the natural

environment of stem cells. In the present study, the starting

material was a natural matrix, with its complex composi-

tion and ultrastructure; and these two aspects of the matrix

can be subtly modified by physical intervention, close to

physiological conditions. This work showed that LMHF is

an effective and useful strategy to modify the cell-produced

ECM to modulate MSC behavior. ECM partially consti-

tutes the stem cell niche. The use of 3D configured ECM

will significantly enhance our understanding of how stem
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cells interact with and respond to the ECM niche. Studies

currently under way to further characterize these natural

ECMs and to understand their structure, composition, and

function could provide an important contribution to the

optimal synthesis of biomaterials designed to replace or

regenerate tissues.

Conclusion

This in vitro study demonstrates the anabolic effects of

LMHF stimulations on osteogenesis, especially on the

ECM produced by osteoblasts. The mechanical stimulation

described in this study can be used as a tool to improve

ECM qualities such as MSC capture and to direct stem cell

differentiation toward osteogenesis. Low-magnitude stim-

ulation is fully adapted to the field of bone tissue engi-

neering for the development of scaffolds such as

macroporous ceramics or bioglass that display poor

mechanical resistance. LMHF stimuli could therefore be an

approach to functionalize breakable biomaterials by pro-

viding osteoinductive properties via the production of an

osteogenic ECM interface.
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